GlcNAc (N-acetylglucosamine) is an essential part of the glycan chain in N-linked glycoproteins. It is a building block for polysaccharides such as chitin, and several glucosaminoglycans and proteins can be O-GlcNAcylated. The deacetylated form, glucosamine, is an integral part of GPI (glycosylphosphatidylinositol) anchors. Both are incorporated into polymers by glycosyltransferases that utilize UDP-GlcNAc. This UDP-sugar is synthesized in a short pathway comprising four steps starting from fructose 6-phosphate. GNA (glucosamine-6-phosphate N-acetyltransferase) catalyses the second of these four reactions in the de novo synthesis in eukaryotes. A phylogenetic analysis revealed that only one GNA isoform can be found in most of the species investigated and that the most likely Arabidopsis candidate is encoded by the gene At5g15770 (AtGNA). qPCR (quantitative PCR) revealed the ubiquitous expression of AtGNA in all organs of Arabidopsis plants. Heterologous expression of AtGNA showed that it is highly active between pH 7 and 8 and at temperatures of 30-40
INTRODUCTION
GlcNAc (N-acetylglucosamine or 2-acetamido-2-deoxy-β-Dglucopyranose) is an acetylated amino sugar that is ubiquitous in all clades of life. GlcNAc occurs in structural polymers such as chitin, which is one of the most abundant polysaccharides in the world appearing, for example, in fungal cell walls as well as in exoskeletons of arthropods and crustacean shells [1] . Another prominent example is the bacterial peptidoglycan where GlcNAc forms a network with N-acetylmannuronic acid and oligopeptides [2] .
Although GlcNAc can be found in structural glucosaminoglycans such as heparan sulfate and hyaluonan in vertebrates [3] , it is not known to be present in any polymers having a load-bearing role in plants. However, it plays an important role as an intermediate in these higher organisms in the synthesis of GPI (glycosylphosphatidylinositol), which anchors proteins to membranes and can be found in most eukaryotes. GPI synthesis starts with the transfer of GlcNAc to phosphatidylinositol and is followed by N-deacetylation, which yields glucosamine phosphatidylinositol. In further steps, the acyl chain is linked to the inositol ring and sugars are added to the glucosamine part, starting with mannose (for a review, see [4] ). Furthermore, GlcNAc is vital for glycosylation of lipids and proteins. O-GlcNAc modification of cytosolic and nuclear proteins is considered a substantial factor for dynamic regulation of their activity and targeting [5] . In N-glycans, GlcNAc is the connecting sugar to the protein backbone and therefore the basis to which the subsequent sugars are attached [6] .
The activated substrate for GlcNAc transfer is UDP-GlcNAc {uridine-5 -[3-(acetamido-2-deoxy-α-D-glucopyranosyl) diphosphate]}. Its de novo synthesis comprises four reactions in both eukaryotes and prokaryotes. Interestingly, however, the sequence of the reactions is different between these two domains ( Figure 1 ). In the eukaryotic pathway (for a review of the whole pathway in yeast, see [7] ), the first step is an aminotransfer from glutamine to C-5 of fructose 6-phosphate by GFAT (glutaminefructose-6-phosphate amidotransferase) (EC 2.6.1.16) including an isomerization to result in GlcN6P (glucosamine 6-phosphate). This is then followed by an acetylation by GNA (glucosamine-6-phosphate N-acetyltransferase) (EC 2.3.1.4) to GlcNAc6P (N-acetylglucosamine 6-phosphate) using acetyl-CoA as an acetyl donor. In the next step, the phosphate group is moved internally by AGM (N-acetylglucosamine phosphoglucomutase) (EC 5.4.2.3) to yield GlcNAc1P (N-acetylglucosamine 1-phosphate). Finally, UMP is transferred from UTP on to GlcNAc1P by UDP-N-acetylglucosamine diphosphorylase (EC 2.7.7.23) or UTP-glucose 1-phosphate uridylyltransferase (EC 2.7.7.9), resulting in UDP-GlcNAc (for Arabidopsis orthologues, see [8] ).
Abbreviations used: DTNB, 5,5 -dithiobis-(2-nitrobenzoic acid); GFAT, glutamine-fructose-6-phosphate amidotransferase; GFP, green fluorescent protein; GlcN6P, glucosamine 6-phosphate; GlcNAc, N-acetylglucosamine; GlcNAc6P, N-acetylglucosamine 6-phosphate; GNA, glucosamine-6-phosphate N-acetyltransferase; Af GNA, Aspergillus fumigatus GNA; AtGNA, Arabidopsis thaliana GNA; HsGNA, human (Homo sapiens) GNA; OsGNA1, rice (Oryza sativa) GNA1; ScGNA, yeast (Saccharomyces cerevisiae) GNA; GNAT, GCN5 (general control non-derepressible 5)-related Nacetyltransferase; GPI, glycosylphosphatidylinositol; PEG, poly(ethylene glycol); RMSD, root mean square deviation; T-DNA, transferred DNA.
Structural co-ordinates for Arabidopsis glucosamine-6-phosphate N-acetyltransferase have been deposited in the PDB under code 3T90. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email riegler@mpimp-golm.mpg.de).
Figure 1 Reaction scheme
The synthesis pathway of UDP-GlcNAc in eukaryotes and prokaryotes including gene names is shown. Eukaryotic enzyme names are above or to the right of a reaction arrow. Prokaryotic enzymes are indicated below or left of a reaction arrow.
A complete block of this pathway has not been described yet in any living organism. Short-term interruption already leads to arrest of growth in heterotrophic organisms when no external GlcNAc source is supplied as was shown for Trypanosoma brucei [9] . Long-term interruption is most likely to be lethal given the important functions that GlcNAc carries. In line with this prediction, even a reduction in UDP-GlcNAc availability or inability to transfer it and hence insufficient protein glycosylation was shown to have severe consequences in a myriad of species. This ranges from imperfect mouse embryogenesis [10] and disturbed glucose-insulin homoeostasis in Drosophila [11] via autoimmune diseases in humans [12] to impaired gamete [13] and root development [14] , as well as unbalanced hormone signalling in plants (for a review, see [15] ).
Defective GlcNAc transferases can also lead to disturbance in GPI anchor synthesis and affect the function of all membranebound proteins, which are anchored by GPI and not by transmembrane domains. In plants, that is the case for the cellwall-producing machinery [16] .
Although UDP-GlcNAc synthesis and transfer has been studied extensively in humans and animals with regard to signalling of sugar status [17] , stress response [18] and cancer development [19] , and in yeast in view of fungal cell wall development [7] , only a few investigations have been undertaken in plants. Shibatani and Kitazawa [21] demonstrated that the singlecopy gene At3g24090 codes for a functional GFAT, the first step in the pathway. Yang et al. [8] cloned, expressed and characterized two Arabidopsis N-acetylglucosamine-1-phosphate uridylyltransferase isoforms catalysing the last step of the UDPGlcNAc de novo synthesis pathway (Figure 1 ), but could not show any phenotype in single-knockout mutants.
When it comes to functional studies in planta, however, the most intriguing report on an UDP-GlcNAc biosynthesis gene deals with GNA. Jiang et al. [14] identified a GNA isoform in rice screening a T-DNA (transferred DNA) insertion population for changes in root elongation. They reported a rather mild temperature-dependent phenotype of reduced root growth, when the respective GNA gene was interrupted by a T-DNA insertion. However, apart from these changes in root growth and a more than 10-fold reduction in UDP-GlcNAc levels in seedlings, no visible phenotype was observed.
In the course of phylogenetic studies of GNA, we identified a possible Arabidopsis orthologue. In the present paper, we describe an exhaustive biochemical characterization of the heterologously expressed protein and the first crystal structure of a plant GNA. A thorough comparison with the GNA structure described from fungi and humans was made, thereby completing the structural picture of this enzyme across all kingdoms.
EXPERIMENTAL

AtGNA identification, sequence comparison and phylogenetic analysis
GNA protein sequences from Homo sapiens (HsGNA; GeneID 64841), Saccharomyces cerevisiae (ScGNA; GeneID 850529) and Arabidopsis thaliana (AtGNA; TAIR At5g15770, GeneID 64841) were used to identify other possible GNAs in eukaryotes by using the blastp and tblastn algorithms [22] .
Predicted full-length protein sequences were retrieved from either the National Centre for Biotechnology Information (http:// www.ncbi.nlm.nih.gov/) or the Gene Index Project database (http://compbio.dfci.harvard.edu/tgi/) and are as follows The sequence for Os02g0717700 was based on GeneID 9266241 and was extended by nine amino acids at the N-terminus, using the genomic sequence, to include the start codon after manual inspection.
Multiple sequence alignment of these sequences was performed using MUSCLE [23] with default parameters. On the basis of multiple sequence alignment, a phylogenetic tree was constructed using MEGA5 [24] employing the maximum likelihood method and 100 bootstrapped resamplings.
Expression analysis
A. thaliana Col-0 plants were grown in a 12 h light/12 h dark regime, day 20
• C with 80 % relative humidity, night 18
• C with 50 % relative humidity, and harvested at midday. Material from 8-week-old plants was partitioned into apical growth zone (apical meristem and developing flower buds), opened flowers, siliques older than 4 days after pollination, cauline leaves, stem segments between 2 cm above ground and first siliques, rosette leaves and roots, and was harvested into liquid nitrogen. Depending on plant organ, material was combined into five individual pools of two to four plants per pool. Total RNA was extracted using a NucleoSpin RNA Plant Kit (Macherey-Nagel) or InviTrap Spin Plant RNA kit (Invitek) followed by DNase I treatment (Turbo DNA-free, Ambion). RNA was then used for single-stranded cDNA synthesis with a SuperScript ® III Reverse Transcriptase kit (Invitrogen) as recommended by the manufacturer.
GNA-specific primers (5 -ATCGCTGCTACGGGTAGTGT-3 and 5 -GTCTTCAATGTGCCCAGCTT-3 ) were used to perform real-time PCR using SYBR Green (Applied Biosystems) and an ABI Prism ® 7900HT system (Applied Biosystems) for detection of double-stranded DNA. Relative transcript levels were normalized to the average expression of Ubq, PDF2 and SAND by subtracting the mean of the three reference gene C T values from the AtGNA C T for each sample separately before calculating means and S.D. values.
Subcellular localization
Total RNA from young rosette leaves of A. thaliana ecotype Columbia was extracted using the NucleoSpin ® RNA Plant kit (Macherey-Nagel) and used as a template for reverse transcription using the SuperScript ® III Reverse Transcriptase kit as specified by the manufacturer. The coding sequence of AtGNA was amplified from this cDNA by PCR using Phusion Polymerase (Finnzymes) and the following primers 5 -ACTCGAGATGGCTGAGACAT-TCAAGATCCGAA-3 (XhoI) and 5 -AACCATGGCATCGAA-GTACTTAGACATTTGAATCGATTTA-3 (NcoI); and 5 -T-AACTAGTATGGCTGAGACATTCAAGATCCGAA-3 (SpeI) and 5 -AGGATCCATCCATCGAAGTACTTAGACATTTGAAT-CGATTTA-3 (BamHI). Restriction endonuclease sequences are underlined.
Using the restriction sites introduced by the primers above, AtGNA was cloned in front or after a GFP (green fluorescent protein)-coding cassette into pAM1 [25] . In vivo organelle markers for the endoplasmic reticulum or the Golgi apparatus fused to the mCherry reporter gene (source plasmids ER-rk and G-rk [26] ) were cloned into pAM1 by HindIII + XmaI or HindIII + XbaI restriction sites respectively, and used as controls in co-transformation with the AtGNA construct.
The resulting constructs were transformed into protoplasts obtained from 5-week-old A. thaliana Col-0 plants by the tapeArabidopsis sandwich method [27] . The transformation was carried out following the method of [27] with a prolonged incubation time of 15 min in PEG [poly(ethylene glycol)] solution.
The transformed Arabidopsis protoplasts were visualized 24 h after transformation using a confocal laser-scanning microscope (TCS SP2/UV, Leica). The instrument was equipped with argon and helium/neon lasers, beam splitter 488/543/633 and the following objectives: PL APO ×20, ×63 W. Two different filter settings were used: (i) for the GFP fluorescence excitation wave length: 488 nm, beam splitter: DD 488/568 (double dichroic, reflects at 488 and 568 nm), barrier filter: BP 530 (band pass, 515-545 nm); (ii) for the mCherry, excitation wavelength: 568 nm, beam splitter: DD 488/568, barrier filter: BP 590 (long pass >590 nm). Autofluorescence of chlorophyll was detected at 683-747 nm. During image acquisition, each line was scanned twice and averaged. Image analysis was performed with the Leica Confocal Software of TCS SP2 (version 2.61, build 1537).
cDNA cloning, protein expression and purification
The coding sequence of the gene At5g15770 was amplified from cDNA as described above using the following primers: GNAfw, 5 -ACAACATATGGCTGAGACATTCAAGATCCG-3 , and GNA-rv, 5 -TTGGATCCTTAATCGAAGTACTTAGACATTTG-AATCG-3 , encompassing an NdeI and BamHI restriction site respectively (underlined).
The PCR product was ligated directly into a linearized pET28a (Novagen) expression vector using the NdeI and BamHI restriction sites thus adding an N-terminal His 6 tag. The resulting insert was verified by sequencing and contained the full-length GNA.
The construct was then transformed into Escherichia coli BL21(DE3) cells (Promega). Cells were grown at 37
• C in LB (Luria-Bertani) medium containing 50 μg/ml kanamycin. T7 RNA polymerase was induced by the addition of 1 mM IPTG (isopropyl β-D-thiogalactopyranoside) at a D 600 of 0.8. The cells were incubated further at 37
• C for 3 h and then harvested by centrifugation at 3000 g for 10 min. The cell pellet was resuspended in lysis buffer (20 mM Tris/HCl, pH 7.5, 5 mM imidazole and 300 mM NaCl) and lysed by sonication. The lysed cells were centrifuged at 16 000 g for 10 min at 4
• C, and the supernatant was used for protein purification.
His 6 -tagged proteins were purified by Ni-NTA (Ni 2 + -nitrilotriacetate) (Qiagen) following the manufacturer's protocol (The QIAexpressionist). The eluted His 6 -tagged protein was dialysed against 3 litres of 5 mM Tris/HCl (pH 7.5) and 20 mM NaCl. The protein concentration was determined using the Bradford assay with BSA as standard, and protein size was estimated by comparison with PageRuler Prestained Protein Ladder (Fermentas) by SDS/PAGE.
Acetyltransferase assays
For GNA activity measurements, the free thiol group of CoA, which is generated during the reaction, was quantified with DTNB [5,5 -dithiobis-(2-nitrobenzoic acid)] as described previously [28] .
The basic reaction setup was as follows: enzyme was added to 25 μl of reaction buffer (50 mM Tris/HCl, pH 7.5, 5 mM MgCl 2 , 200 μM glucosamine 6-phosphate, 200 μM acetyl-CoA and 10 % glycerol) to start the reaction. After 5 min of incubation at 30
• C, 25 μl of stop solution (50 mM Tris/HCl, pH 7.5, and 6.4 M guanidinium chloride) were added to terminate the reaction. A 125 μl volume of colour reagent (50 mM Tris/HCl, pH 7.5, 1 mM EDTA and 100 μM DTNB) was added, 125 μl of the mixture was transferred into a 96-well flat-bottom plate, and the absorption was measured at 405 nm. The concentration of CoA produced was calculated based on a standard curve of CoA.
For determination of temperature-dependency, the incubation was performed as described above at temperatures ranging from 4 to 55
• C. For pH-dependency measurements, reaction buffers were chosen according to their buffering range: 50 mM glycine (pH 2-3), 50 mM sodium acetate (pH 3.5-5), 50 mM Bis-Tris (pH 6), 50 mM Tris (pH 7-8.5), 50 mM glycine (pH 9-10) with substrate concentrations and incubation conditions as described above. For kinetics, 25 ng of enzyme was used, and the substrate concentrations were 10-150 μM glucosamine 6-phosphate and 10-500 μM acetyl-CoA with incubation conditions and Tris buffer as stated above.
Crystallization, data collection, structure determination and refinement
One single crystal of AtGNA was obtained using the sittingdrop method, where 1 μl of protein was mixed with 1 μl of the reservoir solution (30 % PEG 1000 and 0.1 M Hepes, pH 7.5). The crystal was flash-frozen in the mother liquor containing 20 % (v/v) glycerol.
The datasets were collected at the BESSY Synchrotron (Berlin, Germany) beamline ID14-1 at 100 K and reduced using the HKL2000 program [29] . Data collection and refinement statistics are given in Table 1 .
The structures were solved by molecular replacement through the program MOLREP [30] using atomic co-ordinates of GNA from Aspergillus fumigatus (PDB code 2VEZ) as a search model. The structures were refined using the program REFMAC [31] and Phenix Refine [32] and rebuilding was carried out using the program Coot [33] . Co-ordinates have been deposited in the PDB under code 3T90. PyMOL (http://www.pymol.org) was used to create the Figures and to determine RMSDs (root mean square deviations) of the AtGNA, HsGNA (PDB code 3CXS) and ScGNA (PDB code 1I21) three-dimensional structures. The AtGNA homodimer was calculated using PDBePISA [34] .
RESULTS AND DISCUSSION
Identification and comparison of GNA proteins
To identify a potential GNA homologue in Arabidopsis, we compared protein sequences of the GNAs described from H. sapiens [35] and S. cerevisiae [36] with the Arabidopsis proteome using blastp. Most similar in both queries was the Arabidopsis protein At5g15770.1, with adequate query coverage of 73 and 96 % respectively and a sequence similarity of nearly 60 %. It was annotated as glucosamine-6-phosphate Nacetyltransferase and had a length of 149 amino acids. As no other Arabidopsis protein was significantly similar to both HsGNA and ScGNA, At5g15770.1 was considered the only candidate and was henceforth named AtGNA. 
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i I i hkl − Ihkl / hkl i I i hkl , where I hkl is the mean intensity of multiple I i hkl observations of the symmetry-related reflections, N is the redundancy, n h is the multiplicity,Î h is the average intensity and I h ,i is the observed intensity. Anomalous phasing power:
where F+ − PH is the structure factor difference between Bijvoet pairs and F H (imag) is the imaginary component of the calculated structure factor contribution by the anomalously scattering atoms. R cryst = |F o − F c |/ F o. R free is the cross-validation R factor computed for the test set of reflections (5 %) which are omitted from the refinement process. The Ramachandran statistics were obtained using the program PROCHECK [52] . Reported is the percentage of residues in the most favoured, additionally allowed and disallowed areas of the Ramachandran plot. When expanding the search for GNA homologues to other eukaryotic species, only a single isoform was found in the animal and fungal genomes investigated and in most plants.
The result of a phylogenetic analysis based on the predicted protein sequences obtained is shown in Figure 2 . In the tree reconstruction presented, the species cluster into the kingdoms of animals, fungi and plants. Within the plant kingdom, the different divisions as well as monocotyledons and dicotyledons were clearly separated.
Taking a closer look at the monocotyledon branch of the tree, two exceptions from the single isoform observation became obvious. Quite early on, the monocotyledon branch splits, leading to one group with representatives of all four investigated species (rice, maize, barley and sorghum) and to a second group comprising only sequences from rice and sorghum.
The second GNA isoform in rice described (Os02g0717700) is not annotated as a glucosamine-6-phosphate N-acetyltransferase, probably because the database entry is lacking a part of the N-terminal sequence and a start codon. However, after manual inspection of the genomic sequence, a start codon could be found 27 bases upstream of the predicted start of the sequence. The result is a predicted protein nine amino acids longer. These nine amino acids are a sequence feature that Os02g0717700 has in common with Sorghum bicolor 1, its closest neighbour in the phylogenetic tree, but not with Os09g0488000.
On the basis of the improved genome information since 2005, it is tempting to speculate that Jiang et al. [14] were not yet able to identify Os02g0717700 in their study of GNA in rice and thus restricted their analysis to Os09g0488000 as 
OsGNA1(Oryza sativa GNA1
). This might then also explain the residual UDP-GlcNAc levels in OsGNA1-knockout plants and growth phenotypes, which is most likely to be caused by a reduction in, but not total loss of, GNA activity in rice plants.
Expression of AtGNA in planta
OsGNA1 is predominantly expressed in the roots and, consequently, loss of OsGNA1 function leads to a short root phenotype [14] . In contrast with that, publicly available sets of gene expression data in Arabidopsis [37] suggest a ubiquitous expression of AtGNA as would be required for a single isoform gene encoding a vital enzyme.
To confirm this observation, we measured transcript levels of AtGNA in distinct organs of mature A. thaliana Col-0 plants by quantitative real-time PCR. We could indeed confirm a ubiquitous expression of AtGNA in all plant organs, with only minor differences between the organs investigated (Supplementary Figure S1 at http://www.BiochemJ.org/bj/443/ bj4430427add.htm) There was, however, a slightly elevated expression of AtGNA expression in tissues with a high rate of cell division and differentiation such as the apical growth zone and growing siliques. This could be explained by the increased demand of UDP-GlcNAc for protein glycosylation and GPI anchor synthesis to equip newly generated cells.
Furthermore, nutrient deprivation or addition seems to have no effect on expression according to the public expression data [38] . Interestingly, AtGNA shows a slight diurnal fluctuation with expression peaking at the end of a 12 h light period and a slow decrease during the night until the lowest expression is reached at the end of night [39] . The same pattern can be observed for GFAT, the preceding step in the pathway, but not for the following ones.
Predominant expression of OsGNA1 (RAP Os09g0488000 =; MSU LOC_Os09g31310) in roots [14] hints at the specialization of this copy to a certain role in roots, such as involvement in cell differentiation or plant hormone signalling. The second rice GNA (RAP Os02g0717700 = MSU LOC_Os02g48650), which belongs to the GNA group with all monocotyledon representatives, seems to have a very low expression in all organs as indicated by the rice efP browser [40] .
A co-expression analysis with ATTEDII [41] revealed a connection of AtGNA to the recently identified AtGlcNAc1pUT-2 [8] , which catalyses the last reaction in UDP-GlcNAc biosynthesis. Both GlcNAc biosynthesis genes are connected to At1g19710, a gene annotated as glycosyl transferase. AtGNA as well as AtGlcNAc1pUT-2 are in the top five of genes co-expressed with At1g19710 with correlation coefficients of 0.59 and 0.51 respectively (Supplementary Figure S2 at http://www.BiochemJ. org/bj/443/bj4430427add.htm).
AtGNA is localized in the endomembrane system
Analysis of the AtGNA sequence and additional data such as gene expression with available software yielded no clear prediction on its subcellular localization. The results exclude plastidic and mitrochondrial localization to some extent (TargetP [42] ), but range from cytosolic (WolfPSORT [43] ) to Golgi apparatus (SLocX [25] ). Equally uncertain is the prediction for the other genes of the Arabidopsis UDP-GlcNAc biosynthesis pathway.
In order to clarify the localization of AtGNA, the protein was translationally fused N-terminally or C-terminally to GFP. The fused protein was expressed in transiently transformed Arabidopsis protoplasts. The observed distribution of GFP fluorescence for AtGNA with C-terminal GFP fusion perfectly co-localized with the co-transformed marker for the endoplasmic reticulum ( Figures 3A-3D) . A co-transformed marker for the Golgi apparatus showed as defined particles embedded in the wide spanning network that is the AtGNA-GFP signal (Figures 3E-3H ). When GFP is fused N-terminally to AtGNA, we can no longer observe a green fluorescence signal coming from a network structure, but from another compartment which could be the nucleus ( Figures 3I-3L ). This suggests that fusion of GFP to the Nterminus of AtGNA leads to a disturbance of transport signalling processes and thus the protein could not be transported through the endoplasmic reticulum membrane.
We can conclude a subcellular localization of AtGNA to the endoplasmic reticulum. This would be reasonable as protein glycosylation as well as GPI anchor synthesis, two major uses for UDP-GlcNAc in plants, take place within the endoplasmic reticulum or on the cytoplasmic side of the endoplasmic reticulum membrane [6] .
In T. brucei, GNA was found in protozoan-specific microbodies, the glycosomes [9] .
Characterization of heterologously expressed AtGNA
To determine whether the predicted AtGNA encodes a functional GNA, we cloned the gene and expressed the recombinant protein as an N-terminal fusion to a His 6 tag in E. coli. After purification based on metal chelate affinity, a single protein band of approximately 20 kDa was observed by SDS/PAGE (Supplementary Figure S3A at http://www.BiochemJ. org/bj/443/bj4430427add.htm). This size is in agreement with the calculated protein mass of recombinant AtGNA of 19.2 kDa. As it has been reported for other GNAs to act as dimers, we conducted size-exclusion chromatography to determine the size of native heterologously expressed AtGNA. Indeed, we found the protein to be present as a dimer with a size determined to be 40.35 kDa (Supplementary Figure 3B) . When denaturing conditions were applied by using 3 M guanidinium chloride, the size of AtGNA was found to be 22.7 kDa (Supplementary Figure 3C) . An activity assay based on detection of free thiol groups of deacetylated CoA proved AtGNA to be able to acetylate GlcN6P in vitro. Substrate affinities were determined by varying the concentrations of GlcN6P or acetyl-CoA respectively. A summary of kinetic parameters from the literature {ScGNA [36] , OsGNA1 [14] , HsGNA and Af GNA (Aspergillus fumigatus GNA) [44] } and values obtained in the present study are given in Table 2 .
The use of a small amount of enzyme (25 ng) revealed an inhibitory effect of the substrate GlcN6P at concentrations higher than 60 μM, whereas no inhibition was found for high concentrations of the acetyl donor acetyl-CoA (Figures 4A  and 4B) . Raw activity data, presented by Mio et al. [36] in a Figure, also suggested an inhibiting effect of high GlcN6P concentrations on ScGNA, but this was not described further in detail by the authors. To determine the Michaelis-Menten constant for GlcN6P, despite the non-saturating relationship of the concentration to reaction velocity/rate, a Hanes-Woolf plot was used (Figures 4C and 4D) . A K m of 231 μM was observed, a value more than three times higher than the concentration at which substrate inhibition occurs. Nevertheless, this affinity of AtGNA to GlcN6P is similar to, yet slightly lower than, those of GNA proteins from humans (97 μM), rice (145 μM) and fungi (ScGNA 124 μM, Af GNA 71 μM). In contrast with that, the observed K m of 33 μM for the co-substrate acetyl-CoA is much lower for AtGNA than for ScGNA (228 μM) and OsGNA1 (180 μM), but in good agreement with the reported values for HsGNA (26 μM) and Af GNA (40 μM). The substrate-inhibition effect of GlcN6P also brings problems when observing the maximal specific activity. Whereas direct plotting of reaction rate against substrate concentration, as shown in Figure 4 , suggests a maximal velocity of approximately 1000 pkat·μg − 1 for both substrates, the respective Hanes-Woolf plots yield 1000 pkat·μg − 1 for acetylCoA and 5000 pkat·μg − 1 for GlcN6P. In this case, the value for acetyl-CoA is an underestimation since GlcN6P was present at concentrations where inhibitory effects are occurring. Figure 5 and text in [14] ) for GlcN6P. Only the human enzyme is The in vivo importance of the observed inhibition effect by GlcN6P should be considered minor as the pool of free GlcN6P is assumed to be small in plants. For one thing, externally supplied glucosamine is not recovered as GlcN6P, but rapidly converted into GlcNAc or UDP-GlcNAc [45] ; for another thing, high GlcN6P levels would disturb the pentose phosphate pathway as they competitively inhibit glucose-6-phosphate dehydrogenase [46] .
The co-factor acetyl-CoA is supplied by pyruvate dehydrogenase and to minor proportions by acetyl-CoA synthase [47] , but these pools are also used for fatty acid synthesis and feeding into the citric acid cycle.
As a next step, the influence of further reaction parameters on enzyme activity was investigated. By changing buffer compositions, we found the optimal working conditions for AtGNA to be between pH 7 and 8 ( Figure 5A ). Monitoring the activity at different temperatures revealed a rather high temperature optimum of 35
• C ( Figure 5B ). Whereas the temperature influence was not determined for the rice GNA within the study of Jiang et al. [14] , it is tempting to speculate that this enzyme might have a relatively high temperature optimum as well, potentially explaining the observed amelioration of the rice short root phenotype under elevated temperatures.
Global structure of AtGNA
To explore further the characteristics of AtGNA, its crystal structure was solved at 1.5 Å (1 Å = 0.1 nm) resolution. The crystal contains one molecule of AtGNA in an asymmetric unit. The centre of the protein is a five-stranded β-sheet, of which four strands are antiparallel-oriented. Four α-helices surround that core. A sixth β-strand can be found at the C-terminus. It projects away from the otherwise compact protein and is known to interact with the sixth β-strand of a second GNA subunit for HsGNA and ScGNA. Analysis of the crystal packing contacts with PDBePISA revealed a dimerization mode similar to that of human GNA. As shown in Figure 6 (A), the β6 strand of one monomer intertwines with the β6 strand of a second monomer. Additionally, the loop between β3 and β4 reaches out into the opposite monomer. As described below in more detail, this loop is involved in binding of GlcN6P in the active centre of the opposite subunit. The occurrence of AtGNA as a homodimer was also supported by size-exclusion chromatography of heterologously expressed AtGNA (Supplementary Figure S3 at http://www.BiochemJ.org/bj/443/bj4430427add.htm).
The succession of secondary structures in the amino acid sequence is as follows: β1 α1 α2 β2 β3 β4 α3 β5 α4 β6. The structure contains all four motifs (motifs C, D, A and B) conserved among GNAT [GCN5 (general control non-derepressible 5)-related N-acetyltransferase] superfamily proteins as shown in Figure 7 .
Owing to the bacterial nature of the expression host, no statements can be made about in vivo post-translational modifications on AtGNA such as glycosylation. Although glycosylation prediction tools hinted at no N-glycosylation (NetNGlyc1.0 [48] ), the possibility of its occurrence cannot be excluded. Furthermore, the sequence comparison yielded no highly conserved asparagine residues, also not only among plants, which might serve as uniform N-glycosylation site across species. Using the YinOYang 1.2 Server [49] , only one possible OGlcNAcylation site at Thr 29 was predicted.
The active site of AtGNA Particular amino acid residues that are involved in binding one of the substrates or partake in the reaction catalysis were deduced from previous GNA studies [35, 36, 50] and are marked in the sequence alignment in Figure 7 . Most of them are identical or conserved substitutions among the example GNAs from plants, animals and fungi. Although we did not capture the structure of AtGNA in complex with its substrates, conclusions can be drawn from superposition with HsGNA ( Figure 6C ). Using this approach, we can easily identify the binding site of acetyl-CoA, which is lined with the highly conserved residues is in almost perfect alignment with Tyr 165 of HsGNA, which acts as a general acid and protonates the leaving thiolate anion.
Detailed structural comparison of AtGNA with HsGNA
As the molecular replacement for modelling of the AtGNA structure was based on structural information from Af GNA [44] , the latter is not included in the following comparisons to avoid biased conclusions.
The major difference between HsGNA and AtGNA is an extra 34 residue N-terminal region, which is present in humans and other metazoa, but lacking in fungal and plant sequences ( Figure 6D ). In HsGNA, this part folds into two short helices and a loop and covers the surface remote from the active centre [35] . It is therefore unlikely to be the cause of differences in substrate specificity or catalytic properties. Its amino acid composition does not alter the electrostatic properties of this surface region compared with AtGNA, and both of them are fairly neutral.
In analogy to HsGNA and ScGNA, a groove can be found in each AtGNA subunit, which serves as substrate-binding site. The grooves of both subunits are in parallel orientation to the dimer interface on the same side of the enzyme ( Figure 6B ). The end Alignment of the two GNA sequences from H. sapiens (GeneID 64841) and S. cerevisiae (GeneID 850529) with the Arabidopsis homologue, for whose identification they were used. Alignment was performed using Clustal2.1. Identical residues are highlighted in dark grey, conserved substitutions are highlighted in light grey. Typical sequence motifs of GNAT family proteins are marked with boxes. Residues involved in substrate binding (according to [35, 36, 44, 48] ) are indicated with circles and triangles.
of the groove, in which the diphosphate segment of acetyl-CoA is placed, is negatively charged. This might help the orientation of acetyl-CoA within the groove by repulsion of the similarly negatively charged phosphates. The 'backside' of the protein is relatively smooth without caveats or stronger charged areas.
As described above, the active site where the acetyl transfer takes place is highly conserved. So is the part of the groove where the pantothenate chain and the β-alanine segment of acetylCoA is situated. Three valine residues (Val 89 -Val 90 -Val 91 ) create a hydrophobic environment in AtGNA as well as in HsGNA. In ScGNA, two of them are replaced by isoleucine and alanine, a function-conserving replacement which retains the hydrophobic milieu.
A region with several different amino acids in HsGNA and AtGNA is the binding site of the GlcN6P phosphate residue. Figure 6 (E) shows HsGNA in complex with GlcNAc6P and CoA (PDB code 2O28, formerly 2HVO) and overlaid with AtGNA. Although AtGNA was not crystallized with the metabolites, this technique allows approximation of the substrate orientation owing to the high structural similarity of AtGNA to HsGNA. As an example for this high similarity, we find a threonine residue in both humans and plants, in almost the same position to form a hydrogen bond with one of the oxygens from the phosphate group. In contrast with that, the two other amino acids from HsGNA, which are mainly responsible for keeping the phosphate group in place, differ. Tyr 147 in AtGNA might replace Arg 181 from HsGNA. Indeed, this exchange seems to have happened early in evolution. Sequence alignments show the presence of Tyr 147 and absence of the respective arginine residue in all plant and algae genomes examined, whereas arginine is present in all animal genomes examined, as well as in C. albicans and S. cerevisiae. In addition, the hydrogen-bonding from His 111 in HsGNA might be taken over by Arg 78 in AtGNA. These amino acids are located in a loop of the opposite subunit in both species. This might be a reason for the occurrence of GNA dimerization being a conserved phenomenon across kingdoms.
The need to preserve the general function of the enzyme seems to be high, judging by the rate of structural conservation and function-conserving changes.
Comparison of AtGNA with HsGNA and ScGNA in numbers
For sequence comparison of AtGNA with HsGNA and ScGNA, sequence stretches without counterparts in one of the other two organisms were removed to avoid falsification of the results. Therefore the first 34 amino acids in the human sequence were clipped. Likewise, ten amino acids in the central part of ScGNA (NDNEDKKIMQ, see sequence alignment in Figure 7 ) were removed. The pairwise comparison was carried out using Needle [51] and shows a similar distance in nucleotide as well as protein sequence of all three GNA to each other (see Table 3 ). The smallest resemblance can be found between ScGNA and HsGNA with 31.2 % protein identity, but still 50.6 % protein similarity. This difference in amino acid sequence identity and similarity can be found in all three alignment combinations and indicates a rather high rate of function-conserving amino acid substitutions. Even better conserved than amino acid function is the threedimensional structure of GNA. AtGNA, HsGNA (PDB code 3CXS) and ScGNA (PDB code 1I21) could be superimposed with a RMSD of 1.2 Å for AtGNA to both other GNAs and 1.4 Å for ScGNA to HsGNA.
Summarizing all of this, GNA is a well-conserved enzyme across all kingdoms. Whereas the nucleotide sequence has Table 3 Similarities of HsGNA, ScGNA and AtGNA in sequence and structure Pairwise sequence alignments were carried out with Needle [51] . Nucleotide as well as protein sequences of HsGNA and ScGNA were trimmed to avoid falsification by non-similar sequence parts. Therefore the first 34 amino acids in the human sequence were clipped. Likewise, ten amino acids in the central part of the yeast sequence (NDNEDKKIMQ, see sequence alignment in Figure 7 ) were removed. Structural similarity is represented by RMDS. changed a lot since divergence from the last common ancestor, the protein structure remains stable, which shows striking similarities in three-dimensional structure and kinetic properties. All of this fits with the crucial role of GlcNAc in regulatory modification of proteins and as a component for glycolipids and glycoproteins. So far, Arabidopsis mutants with a T-DNA insertion in At5g15770 yielded no homozygous offspring and no mutant with a complete block in the UDP-GlcNAc pathway could be obtained, which once again shows the vital importance of intact UDP-GlcNAc biosynthesis.
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Figure S3 Size determination of recombinant AtGNA
After separation on a Superdex 75 column, connected to a Bio-Rad Biologic DuoFlow chromatography system, proteins were detected at 280 nm. (A) SDS/PAGE. Molecular masses are indicated in kDa. (B) Size-exclusion chromatography, native conditions: 50 mM sodium phosphate (pH 7.5) and 150 mM NaCl were run constantly at 0.5 ml/min. As standards (violet trace), RNase A (13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin (45 kDa), BSA (66 kDa) and β-galactosidase (116 kDa) were used. According to the standard curve, GNA has a size of 40.35 kDa under native conditions. (C) Size-exclusion chromatography, denaturing conditions: 3 M guanidinium chloride, 50 mM sodium phosphate (pH 7.5) and 150 mM NaCl were run constantly at 0.4 ml/min. Standards were used as indicated. As bigger proteins were no longer separated, only RNase A (13.7 kDa) and carbonic anhydrase (29 kDa) were used as protein standards. According to a standard curve, GNA has a size of 22.7 kDa under denaturing conditions. AU, absorbance units.
